We present a detailed investigation of the molecular structure of montmorillonite, an aluminosilicate clay with important applications in materials sciences, such as for catalysis, drug delivery, or as a waste barrier. Solid-state 
Introduction
Smectite clay minerals such as montmorillonites combine a wide range of physicochemical properties that result in strong adsorption capacities. These include high surface area, swelling and hydration properties, as well as strong cation exchange capacities (CEC).
These characteristics have opened the way to numerous important applications of smectite clays as heterogeneous catalysts, nanocomposite organoclay materials, rheological control agents, drug delivery systems, geochemical barriers, or for water treatment. [1] [2] [3] [4] The layered molecular structure of a smectite sheet consists of an octahedral layer intercalated between two tetrahedral layers, which are primarily made of (Al 4 (OH) 12 ) and SiO 4 entities, respectively. Ionic substitution of AlO 6 by MgO 6 moieties in the octahedral layer, and, to a lesser extent of SiO 4 by AlO 4 moieties in the tetrahedral layers result in negatively charged clay sheets. The charge balance is ensured by the presence exchangeable cations such as Na in the interlayer space. However, in the presence of water, the interactions between the silicate layers and the cations are modified. The interlayer space is expanded, allowing the adsorption of several layers of water in which the cations are solvated. [5] [6] [7] The molecular structures of clay minerals are particularly difficult to study due to small crystallite sizes, morphological and structural heterogeneity, variable molecular compositions, and the complexity of their layer structure. For instance, the existence of interstratified states of various hydrated layers in Wyoming montmorillonite could either be truly due to different adsorption fields within the interlayer space or result from the existence in the sample of various layers having different compositions and charges. For these reasons, the use of synthetic clay samples appears as a potentially useful alternative for a proper understanding of the physical chemistry of clay minerals. Valuable insights in particular on the relationship between surface properties, molecular level structures, and compositions may be derived from studies of synthetic clay minerals. Among the various routes that have been developed to The authors claimed in particular that the different orientation of the OH group between trioctahedral and dioctahedral clays led to different hydrogen bond strengths which modified the corresponding 1 H chemical shift as a result. 22 The spectral resolution in these studies was however limited by the presence of iron in the studied natural montmorillonite samples. And even later 1 H NMR studies focusing on synthetic montmorillonite lacked the resolution allowing a distinction between different clay environments. 10, 23 In recent years, solid-state 1 H NMR has been taking considerable advantage of decisive technical and methodological developments. Higher magnetic field strengths increase the separation (in Hz) between 1 H NMR peaks, while increasingly fast MAS, multiple-pulse sequences, [24] [25] [26] or the combination of both [27] [28] [29] can be used to reduce the peak broadening due to the strong homonuclear (field independent) Such developments make it possible to overcome in many cases the generally poor spectral resolution of solid-state 1 H NMR spectra of protonated materials, [30] [31] [32] and clays in particular. [33] [34] [35] The objective of this work is to offer a complete description of the molecular structure of synthetic Na-montmorillonite based on state-of-the-art characterization techniques, and to compare with the structure of natural montmorillonite. The unique combination of solid-state 29 Si, 27 Al, 25 Mg and 1 H NMR with DFT calculations is used to understand in detail the complicated intra-layer atomic arrangements that confer crucial cationic exchange capacities to the clay. They provide quantitative information that is used to revisit the clay composition, which is then compared to the compositions derived from elemental and energy-dispersive Xray spectroscopy (EDS) analyses.
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Revised, October 22, 2012 7/47 coating. Clay powders were deposited within a drop of alcohol on a copper stub. The control images were obtained with an Autrata YAG2 scintillator (BSE detector) working in both high or low vacuum mode. Mg NMR experiments were performed at 19.9 T, using a 4 mm double-resonance probehead at a spinning frequency of 14 kHz. Echo-MAS spectra were collected with recycling delays of 1 s and 32k transients for signal accumulation for the Na-S-MMT sample, and 50 ms and 1792 k transients for Na-MMT. Signal to noise for the Na-S-MMT was further increased by a DFS pulse of 1 ms and a sweep range of between 0.1 and 1.5 MHz, and CarrPurcell-Meiboom-Gill (CPMG) acquisition. 44 The principle of this acquisition mode, widely 
DFT computations. Quantum chemical calculations with periodic boundary
conditions were achieved using the CASTEP code, 49, 50 which relies on a plane-wave-based density functional theory (DFT) approach. The electron correlation effects were modeled using the PBE generalized gradient approximation. 
Results
The molecular structure of montmorillonite can be accessed from the various stand points of the nuclei of which it is composed using 29 Si, 27 Al, 25 Mg, and Si NMR signal, and corresponding (Lorentzian) broadening of the spectra (in addition to increased shift anisotropy, reflected in the spinning sideband pattern shown in Supporting Information, Figure S2 ). As a result, a single broad peak at -93.0 ppm corresponding to Q 3 29 Si moieties is observed and the presence of Q
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Molecular-level insights specific to the octahedral layer may be obtained from 27 Al NMR.
The 27
Al MAS NMR spectra of synthetic and natural Na-montmorillonite are shown in Figure   2a and 2c, respectively (region of the central transition only). Both spectra show two distinct peaks at ca. 70 and ca. 5 ppm that have previously been assigned to four-(Al (IV) ) and six-fold (Al (VI) ) coordinated aluminum in the tetrahedral and octahedral layers of montmorillonite, respectively. Another peak corresponding to Al (IV) environments is observed in both spectra:
at ca. 55 ppm in Na-S-MMT, and at ca. 60 ppm in Na-MMT. Paramagnetic relaxation effects in the Na-MMT sample may be exploited to confirm that this additional 27 Al peak at 60 ppm indeed corresponds to a distinct phase from the other two peaks. As shown in Figure 2c , decreasing the recycling delay in 27 Al MAS experiments from 1 to 0.1 and 0.01 s (in black, red, and yellow, respectively) results in signal loss due to incomplete longitudinal relaxation for this peak. In contrast, no difference in the intensity of the two peaks at 70 and 5 ppm is observed, indicating that these 27 Al sites are subject to fast longitudinal relaxation due to the proximity of paramagnetic Fe 3+ , 63 such that full recovery is already achieved in 10 ms. This is fully consistent with the assignment of these two peaks to Al (IV) and Al (VI) sites located in the Fe-rich clay, while the 27 Al peak at 60 ppm is due to an external secondary Fe-poor (or Fefree) Al-containing phase.
Impurities in natural Na-montmorillonite have previously been assigned to the aluminosilicate zeolite analcime (NaAlSi 2 O 6 ·nH 2 O) based on the 27 Al shift (~60 ppm) and the observation of small XRD diffraction peaks corresponding to this material. 62 Since no such diffraction peak was observed here, this assignment thus cannot be confirmed or infirmed.
Small crystal sizes and/or local structural disorder could cause broadening of the diffraction NMR peak in Na-S-MMT (ca. 55 ppm) suggests that the corresponding Al-containing impurity in the sample of synthetic origin has a different nature. The recently-introduced dipolarmediated heteronuclear multiple quantum correlation (HMQC) experiment 39 provides an efficient way to probe such Si-Al proximities at natural 29 Si abundance. Figure 2b shows the environments.
In the absence of paramagnetic broadening, the 27 Al resonances of Na-S-MMT show lineshapes characteristic of a distribution of 27 Al quadrupolar coupling constants due to variations of local structural environments. This is another manifestation of the intrinsic complexity, at the molecular level, of the clay structure. As illustrated by the 2D correlation experiment, the presence of a clay Al (IV) contribution indicates that an Al (VI) atom in the octahedral layer may be connected (via an apical O atom) to either two Si atoms or one Al Mg (nuclear spin I = 5/2) NMR and its low gyromagnetic ratio result in little receptivity and low resonance frequency, both of which grow with the magnetic field.
The large 25 Mg quadrupolar moment 71 furthermore gives rise to significant second-order quadrupolar broadening, which has a quadratic dependence on the inverse of the magnetic field, such that 25 Mg signals are considerably narrower (and accordingly more intense) at high fields.
47,56
The 25
Mg echo-MAS spectrum collected on the synthetic sample is shown in Figure 3a . A spectrum with increased sensitivity was recorded using the Carr-PurcellMeiboom-Gill (CPMG) sequence (Figure 3b ), 44 and reconstructed to obtain the more conventional powder pattern shown in Figure 3c (see Experimental Section for details).
*** Figure 3 ***
As for 27 Al NMR spectra, the resonance lineshape observed in the 25 Mg NMR spectra of Na-S-MMT (Fig. 3a-c and Si atoms, Mg atoms adjacent to at least one Mg atom and/or at least one Al (VI) atom…etc.) to the observed distribution is not possible here.
For the sample of natural origin, the in their first or second neighboring cationic sites). In addition, the presence of paramagnetic centers induces a fast transverse relaxation, which also contributes to the broadening and makes CPMG acquisition impractical. Beyond these differences, the 25 Mg NMR spectra of montmorillonite of synthetic and natural origins are essentially similar and can be fitted with the same distribution of quadrupolar parameters and isotropic chemical shifts. This confirms the strong similarities between their intra-layer molecular structures despite the presence of large amounts of Fe likely located in the octahedral layers of Na-
MMT.
Because it is present in large amounts in both synthetic and natural MMT, sodium may appear as another potential probe of their local structure. The Na The resulting spectrum shows the same two peaks at 0.9 and 2.2 ppm, and an additional broad contribution at 4 ppm, corresponding to the shoulder in the 1 H MAS spectrum (Fig. 4a) . This suggest that the latter corresponds to water molecules adsorbed onto the tetrahedral layer, and yet too far from the octahedral layer to allow The most likely hypothesis is that these two was used as a starting point and modified as follows.
52
The unit cell c parameter was first set to 9.7 Å to match the basal spacing measured experimentally (by XRD, data not shown) for dehydrated Na-S-MMT (since water molecules were not included in our calculations). In this structure the tetrahedral layers only consist of Si atoms, and the octahedral layer only consists atom of the octahedral layer was replaced by an Mg atom and a Na+ cation was again inserted in the inter-layer space for charge compensation. The resulting structure, after geometry optimization, is shown in Figure 5b . The charge compensating Na + cation is also located in a six-Si-member ring at the end of the optimization, at 4.9 Å from the it is located) to higher frequencies (i.e. to the left of the spectrum). This effect is illustrated in Supporting formation, Figure S4 , with a plot of the 29 Si chemical shifts calculated for the two montmorillonite models in Figure 5 as a function of their distance to the Na + cation. It is clear that a correlation exists, with an average displacement of more than 2 ppm/Å to higher frequencies for Si-Na distances between 3 and 4.5 Å. For longest Si-Na distances (> 5 Å), calculated 29 Si shifts of Q 3 moieties tend to be of the order of -96 ppm. This is close to the Al NMR measurements were conducted, the Na + cations are solvated and extremely mobile in the inter-layer space. Calculations of 27 Al NMR parameters are also in acceptable agreement with the experimental data, but provide no information that is relevant to the molecular structure of This peak includes overlapping contributions from the clay inter-layer water molecules (see spectrum of the dehydrated Na-MMT in Supporting Information, Figure S7c ) and from the intra-layer OH groups, whose contributions cannot be clearly separated from that of water. On both sides of the 1 H NMR signature of the clay are slow-relaxing peaks that presumably correspond to protons within or at the surface of the iron-free Al-containing impurity identified above in the Na-MMT sample, and which are not relevant to the present work.
of 47 ACS Paragon Plus Environment
Chemistry of Materials
Cadars, S. et al., Molecular Structures of Synthetic and Natural Montmorillonite Revised, October 22, 2012
28/47
Thus, while the effects of the paramagnetic centers on 29 Si, 27 Al, and 25 Mg spectra may be considered modest, they are much more troublesome in 1 H NMR since they prevent the resolution of distinct inter-layer hydroxyl groups.
Quantitative analyses of the synthetic clay composition. The presence of an aluminosilicate impurity in Na-S-MMT is problematic since the primary interest of synthetic montmorillonite is to offer an increased control of macroscopic properties resulting from a higher purity. This remains entirely true in terms of materials composition and local structural homogeneity, since the synthetic material does not contain contaminants such as iron, for example, which is expected to induce local framework distortions and modify its reactivity.
However, this additional phase may have properties that could potentially compete with the montmorillonite and thus affect the general behavior of the material. In addition, the presence of an impurity interferes with the calculation of the material global formula from ICP-OES
analyses. This includes in particular the relative amounts of Al and Si in the tetrahedral layers and of Al and Mg in the octahedral layer, which have a direct incidence on the acidity, reactivity, and cationic exchange capacity of the clay. As mentioned above, 29 Si (Fig. 1b) , 27 Al (Fig. 2a) , and 1 H ( Fig. 4a and 4d ) MAS NMR spectra of synthetic montmorillonite were recorded in conditions permitting quantitative analyses. Complete assignments of these spectra were presented and confirmed by DFT calculations. The data are additionally used to measure the ratios between Al (VI) and Al (IV) 27 Al moieties, between Q Table 2 along with what are considered as fair estimates of their uncertainties, serve as a basis for a re-examination of the Na-S-MMT formula taking into account the presence of an aluminosilica(te) impurity, whose signature can be separated from that of the clay. Al NMR data (third column of Table   2 ). As discussed above, the main source of uncertainty in the Q 3 /Q 3 (1Al) ratio measured from 29 Si MAS spectrum of Na-S-MMT (Fig. 1a) is the potential overlap between Q clays, [33] [34] [35] we hypothesize that there may be a general principle of charge-carrier avoidance in the octahedral layers of clays. Description of pseudo-potentials used for planewave-based DFT calculations (Table S1 ).
Conclusion
Experimental and calculated chemical shifts of model crystalline systems (Table S2 ) and corresponding correlation plots ( Figure S1 ). Expansion the 29 Si MAS NMR spectrum of natural montmorillonite ( Figure S2 ). DFT-optimized models with two Mg atoms in the octahedral layer ( Figure S3 ). Plot of calculated 29 Si chemical shifts as s function of the Na-Si distances ( Figure S4 ). Simulated )O 40 (OH) 8 and Na(Al 
